Cancer cells in quiescence (G 0 phase) are resistant to death, and re-entry of quiescent cancer cells into the cellcycle plays an important role in cancer recurrence. Here we show that two p53-responsive miRNAs utilize distinct but complementary mechanisms to promote cancer cell quiescence by facilitating stabilization of p27. Purified quiescent B16 mouse melanoma cells expressed higher levels of miRNA-27b-3p and miRNA-455-3p relative to their proliferating counterparts. Induction of quiescence resulted in increased levels of these miRNAs in diverse types of human cancer cell lines. Inhibition of miRNA-27b-3p or miRNA-455-3p reduced, whereas its overexpression increased, the proportion of quiescent cells in the population, indicating that these miRNAs promote cancer cell quiescence. Accordingly, cancer xenografts bearing miRNA-27b-3p or miRNA-455-3p mimics were retarded in growth. miRNA-27b-3p targeted cyclin-dependent kinase regulatory subunit 1 (CKS1B), leading to reduction in p27 polyubiquitination mediated by S-phase kinase-associated protein 2 (Skp2).
Introduction
Despite the advance in cancer treatment using molecularly targeted therapies and resurgence of immunotherapy, relapse following initial disease remission remains an unsolved problem (1) . Recurrent and metastatic cancer lesions often undergo a period of dormancy (2) , which can be conceptually classified into two models (3) . The first is tumor mass dormancy whereby the rate of tumor cell proliferation is balanced by the rate of programmed cell death, mostly apoptosis, caused by the lack of vasculature (angiogenic dormancy) and/or anticancer immune responses (immunologic dormancy; ref. 3 ). The second is cellular dormancy resulting from cell-intrinsic or extrinsic mechanisms leading to a state of quiescence where cells exit the cell cycle and are reversibly arrested in G 0 phase. These models are not mutually exclusive. In particular, it is cellular dormancy that renders cancer cells fundamentally resistant to cell death and refractory to therapeutics (3) . Consequently, curative cancer treatment requires therapies that either sustain the dormant state or effectively kill quiescent cancer cells.
Molecular signatures of cellular quiescence in some types of cells, such as hematopoietic stem cells and fibroblasts have been documented (4, 5) . Although changes in gene expression/ activation vary depending on cell type and context, quiescent cells generally display reduction in the expression of pro-proliferation genes and upregulation of genes encoding cyclin-dependent kinase (CDK) inhibitors and those associated with remodeling the extracellular environment (6, 7) . A variety of signal pathways, such as the MEK/ERK and p38 pathways contribute to regulation of cellular quiescence in cancer (8) . These pathways commonly converge on modulation of the Rb-E2F bistable switch that is a master regulator of cell-cycle progression (9) . Noticeably, the tumor suppressor p53 also plays a role in regulating quiescence, but the mechanisms involved remain to be fully understood (10) .
Here we demonstrate that p53 promotes cancer cell quiescence through a miRNA network encompassing miRNA-27b-3p and miRNA-455-3p. Although miRNA-27b-3p targets cyclindependent kinases regulatory subunit 1 (Cks1), a cofactor of S-phase kinase-associated protein 2 (Skp2) that is important for p27 polyubiquitination and subsequent degradation (11) , miRNA-455-3p targets CDK2-associated cullin domain 1 (CAC1) that promotes the kinase activity of CDK2, leading to phosphorylation of p27 for Skp2-mediated polyubiquitination (12, 13) . Thus, the manipulation of miRNA-27b-3p and miRNA-455-3p to maintain or disrupt cancer cell quiescence may provide potential avenues to improve the therapeutic efficacy of systemic cancer treatments.
Materials and Methods

Cell culture
The human melanoma cell lines Mel-RM, Sk-Mel-28, A375, and mouse melanoma cell line B16 were cultured in DMEM containing 5% FCS (14) . HEK293T, A549, MCF7, HeLa, WiDr, HT29, HCT116, U2OS cells were obtained from ATCC and cultured according to ATCC instructions. All cell lines were verified to be free of mycoplasma contamination every 3 months and were authenticated by short tandem repeat (STR) profiling in April 2018 by Australian Genome Research Facility (AGRF). The passage numbers of all the cell lines used in this paper are less than 30 after thawing.
Antibodies and reagents
Information on antibodies and reagents used in this study is provided in Supplementary Tables S1 and S2. siRNA and short hairpin RNA siRNAs were obtained from GenePharma and transfected using Lipofectamine 2000 reagent (Invitrogen). The human control and CDKN1A MISSION shRNA lentiviral transduction particles were purchased from Sigma-Aldrich. Lentiviral particle transduction was carried out as per the manufacturer's protocols. The siRNA and shRNA sequences were listed in Supplementary Table S3 .
Plasmids
pMXs-IP-mVenus-p27K À , pGag-pol-IRES-bs r , and pEnv-IRESpuro r were generous gifts from professor Toshio Kitamura (University of Tokyo, Tokyo, Japan). mCherry-hCdt1(30/120)/ pCSII-EF-MCS was generous gift from Dr. Hiroyuki Miyoshi and Dr. Atsushi Miyawaki (RIKEN Brain Science Institute, Tokyo, Japan). Other plasmids used are detailed in Supplementary Tables  S4 and S5 .
miRNA profiling and real-time PCR
Total RNA was isolated using the ISOLATE II RNA Mini Kit (Bioline) according to manufacturer's protocols. RNA sequencing (10M 50SE) was performed to characterize miRNA expression profiles (BGI). The results have been deposited to the Gene Expression Omnibus (GEO; GEO accession: GSE118547).
Reverse transcription was undertaken using the qScript cDNA Supermix (Quantabio, 95048) and TaqMan MicroRNA Reverse Transcription Kit (ThermoFish Scientific, 4366596) for mRNAs and miRNAs, respectively. qPCR was performed with 20 mL reaction volume using SensiFAST SYBR Hi-ROX Kit (Bioline). The 2-DDC T method was applied to calculate the relative expression levels of genes. Primers used are detailed in Supplementary  Table S6 .
Western blotting and immunoprecipitation
Western blotting and IP were carried out as described in previous publication (14) . The relative intensity of bands was quantified using Image J and normalized against GAPDH.
Serum starvation and contact inhibition
Cell confluence was monitored until the control group reached 70% to 80% confluence. For serum starvation, cell culture medium was replaced with serum-free medium. For serum replenishment, serum-free medium was replaced by medium containing 5% FCS. For contact inhibition, culture medium was refreshed every 24 hours after cells reached 100% confluence.
G 0 and G 1 cell isolation pMXs-IP-mVenus-p27K À ,pGag-pol-IRES-bs r , and pEnv-IRESpuro r were used to package retrovirus to deliver mVenus-p27K À, whereas pMDLg.pRRE, pRSU.pREV, pMD2.g, and mCherry-hCdt1(30-120)/pCSII-EF-MCS were used to package lentivirus to deliver mCherry-hCdt1(30-120) into cells. Cells were transduced with viral particles carrying mCherry-hCdt1 and the mCherry-positive cells isolated by FACS were further transduced with viral particles carrying mVenus-p27K À . Cells positive for both mVenus-p27K À and mCherry-hCdt1 were selected by the addition of puromycin (3 mg/mL). G 0 cells [mVenus-p27K Àhigh /mCherry-hCDT1(30/120) þ ] and G 1 cells [mVenus-p27K Àlow /mCherry-hCDT1(30/120) þ ] were isolated using FACS sorting (FACSAria III).
Cell-cycle analysis
For Ki67/DNA double staining, cells fixed with cold 70% ethanol at À20 C for 2 hours were washed with staining buffer (BioLegend, #420201) for three times before stained with APCconjugated anti-Ki-67 antibody (BioLegend, #652406). After washing, cells were suspended in PI staining buffer and analyzed using a flow cytometer (FACSCanto II). Hoechst 33342/Pyronin Y double staining were carried according to protocols described previously (15) . In brief, cells were stained with 2 mg/mL Hoechst 33258 for 45 minutes and 4 mg/mL Pyronin Y for additional 15 minutes. DNA and RNA contents were determined using a flow cytometer (LSRFORTESSA X-20).
Clonogenic assay
Cells were seeded in six-well plates at 1,000 cells/well. About 2 weeks later, cells were stained with crystal violet (0.5%). Colo-nyArea was quantitated using ImageJ-plugin. ColonyArea in cells introduced with Ctrl mimics was arbitrarily designated as 1.
Luciferase reporter assay
Reporter activities were measured as per the manufacturer's protocol (Dual-Glo Luciferase Assay System; Promega). Briefly, psiCHECK-2 vector-based plasmids were cotransfected with miRNA mimics or anti-miRNAs into cells. Alternatively pGL3basic vector-based plasmids were cotransfected with pRL-SV40P. Firefly and Renilla luciferase activities were recorded using a microplate reader (BioTek).
Chromatin immunoprecipitation assay
Cells were harvested and subjected to chromatin immunoprecipitation (ChIP) assays according to the manufacturer's protocol (MAGnify Chromatin Immunoprecipitation System; ThermoFisher Scientific, 49-2024). PCR products were separated by gel electrophoresis on 2% agarose gel.
Senescence
Senescence was detected by staining senescence-associated (SA) b-galactosidase (b-gal) using a Senescence Detection Kit (Sigma-Aldrich, CS0030-1KT). Briefly, cells were washed twice and then fixed at room temperature. After washing, cells were stained with a staining mixture. Slides were then examined using a light microscope and SA-b-gal positive cells were calculated across 5 random high-power fields.
Apoptosis
Apoptotic cells were quantitated using the Annexin V/propidium iodide (PI) Apoptosis Detection Kit (BD Biosciences). In brief, cells in binding buffer were incubated with Annexin V/PI for 15 minutes before analysis using a flow cytometer (FACSCanto II; BD Biosciences).
Xenograft mouse model
The animal experiments were conducted as our previously described with approval from the Animal Research Ethics Committee of Shanxi Cancer Hospital of China (16) . Briefly, male BALB/c nude mice (4-week-old; Model Animal Research Centre of Nanjing University, China) were subcutaneously injected with Mel-RM cells with or without stable overexpression of miR-27b-3p or miR-455-3p (1 Â 10 7 ). Each groups contained six mice. Tumor growth was monitored using a caliper.
Statistical analysis
Statistical analysis was carried out using GraphPad Prism 7. Statistical significance was analyzed by Student t test and expressed as a P value. P < 0.05 were considered to be statistical significance.
Results
miR-27b-3p and miR-455-3p promote cellular quiescence
To isolate cancer cells in the quiescent (G 0 ) state, we used a model system encompassing an mVenus-tagged p27 mutant lacking the CDK-binding affinity (mVenus-p27K À ) together with a mCherry-tagged truncated mutant of human chromatin licensing and DNA replication factor 1 [hCDT1; mCherry-hCDT1(30/ 120); ref . 17] . Although hCDT1 is exclusively expressed in cells in G 0 and G 1 phases, p27 is markedly more abundant in G 0 compared with G 1 cells (18, 19) . After co-introduction of these constructs into B16 mouse melanoma cells, distinctive populations of mVenus-p27K Àlow and mVenus-p27K Àhigh cells positive for mCherry-hCDT1(30/120) were observed (Fig. 1A) . The population of mVenus-p27K Àhigh mCherry-hCDT1(30/120) þ cells was enriched by serum starvation or contact inhibition ( Fig. 1A  and B ), suggesting that this population represented cells in the quiescent state (20) . In support, mVenus-p27K Àhigh mCherry-hCDT1(30/120) þ cells displayed typical G0 features including substantially higher levels of endogenous p27 and p21, but with low Ki67 expression and reduced levels of phosphorylated retinoblastoma protein (pRb), cyclin D1 and cyclin-dependent kinase 2 (CDK2) compared with mVenus-p27K Àlow mCherry-hCDT1(30/120) þ cells ( Fig. 1C and D) . Moreover, dual nucleic acid staining (DNA stained with Hoechst-33342, and RNA with Pyronin Y) identified these cells to be diploid with low RNA content ( Fig. 1E ), characteristic of cells in the quiescent state (21) .
We then undertook a comparative analysis of miRNA expression profiles between G 0 [mVenus-p27K Àhigh mCherry-hCDT1 (30/120) þ ] and G 1 [mVenus-p27K Àlow mCherry-hCDT1 (30/120) þ ] cells isolated using FACS (Fig. 1A ). Comparing RNA sequencing (RNA-seq) data, we derived a list of differentially expressed miRNAs ( Supplementary Table S7 ). Focusing on the most prominently upregulated miRNAs in G 0 cells, we confirmed that four of the five candidate miRNAs were significantly increased in G 0 compared with G 1 cells using qPCR ( Fig. 1F ). As anticipated, the expression of these miRNAs was also increased in the total unfractionated population of B16 cells, albeit to a lesser extent, under serum starvation or contact inhibition conditions ( Supplementary Fig. S1A ).
Strikingly, inhibition of miRNA-27b-3p or miRNA-455-3p but not inhibition of the other miRNAs diminished the induction of quiescence ( Fig. 1G and H; Supplementary Fig. S1B -S1D). In contrast, introduction of miRNA-27b-3p or miRNA-455-3p mimics increased the proportion of cells in G 0 phase ( Fig. 1I and J; Supplementary Fig . S1E-S1G). Of note, neither inhibition of miRNA-27b-3p or miRNA-455-3p nor introduction of its mimics triggered cellular senescence or apoptosis (Supplementary Fig. S1H and S1I). Moreover, no additive or synergistic effects on quiescence were observed when both miRNAs were co-manipulated ( Fig. 1H and J), suggesting that these miRNAs might be functionally interrelated.
Both miRNA-27b-3p and miRNA-455-3p are highly conserved among mammalian species ( Supplementary Fig. S2 ), proposing that their biological functions may also be broadly preserved. Indeed, serum starvation similarly increased the levels of these miRNAs in a range of human cancer cell lines, Mel-RM (melanoma), U2OS (osteosarcoma), A549 (lung), and HCT116 (colon), which were reduced to the basal levels after serum replenishment ( Fig. 2A ). Moreover, introduction of anti-miRNA-27b-3p or anti-miRNA-455-3p blunted the induction of quiescence ( Fig. 2B ). This was associated with inhibition of upregulation of p27 and downregulation of Ki67, pRB, cyclin D1, and CDK2 ( Fig. 2C and D). Conversely, introduction of miRNA-27b-3p or miRNA-455-3p mimics promoted quiescence along with upregulation of p27 and reduction in Ki67, pRB, cyclin D1, and CDK2 expression ( Fig. 2E -G). Noticeably, manipulation of miRNA-27b-3p or anti-miRNA-455-3p did not affect the upregulation of p21 caused serum starvation ( Fig. 2C and F), suggesting that p21 upregulation in quiescent cells was not associated with these miRNAs. In accordance with induction of cellular quiescence, both miRNA-27b-3p and miRNA-455-3p negatively regulated cell proliferation and clonogenicity ( Fig. 2H and I). This was mirrored in vivo when Mel-RM cells bearing miRNA-27b-3p or miRNA-455-3p mimics were transplanted into nu/nu mice ( Fig. 2J ). Taken together, these results identified miRNA-27b-3p and miRNA-455-3p as facilitators of cancer cell quiescence.
miR-27b-3p and miR-455-3p promote p27 stabilization through downregulating Skp2 and promoting its phosphorylation at Thr187, respectively
We investigated how miRNA-27b-3p and miRNA-455-3p affect p27 expression that is essential for cellular quiescence (22) . Inhibition of either miRNA accelerated the turnover rate of the p27 protein ( Fig. 3A) , whereas introduction of miRNA-27b-3p or miRNA-455-3p mimics prolonged its half-life time 
Ctrl mimics miR mimics Figure 1 . miR-27b-3p and miR-455-3p promote cellular quiescence in B16 cells. A, Representative flow cytometric plots of B16 cells stably expressing mCherry-hCdt1(30-120) and mVenus-p27K À cultured under indicated conditions. Numbers represent percentage of quiescent cells. B, Quantitation of G 0 cells in three independent experiments as shown in A. C, Whole cell lysates from sorted G 1 and G 0 B16 cells were subjected to Western blotting. D, Representative flow cytometric plots of unsorted and sorted mVenus-p27K Àhigh /mCherry-hCDT1(30/120) þ B16 cells stained with an APC-conjugated anti-Ki67 antibody and propidium iodide. Ki67 high cells were gated as proliferating cells. Numbers represent percentage of proliferating cells. E, Representative flow cytometric plots of unsorted (left), sorted mVenus-p27K Àlow mCherry-hCDT1(30/120) þ (middle), and mVenus-p27K Àhigh mCherry-hCDT1(30/120) þ (right) B16 cells stained with Hoechst-33342 and Pyronin Y. Pyronin Y high Hoechst-33342 low and Pyronin Y low Hoechst-33342 low cells were gated as G1 and G0 cells, respectively. Numbers represent percentage of cells in G 1 (higher) or G 0 (bottom). F, Total RNA from sorted G 1 and G 0 B16 cells were subjected to qPCR analysis. G, Total RNA from B16 cells transfected with indicated RNA oligonucleotides were subject to qPCR analysis. H, B16 cells transfected with indicated RNA oligonucleotides were cultured with or without serum starvation. Twenty-four hours later, cells were subjected to Hoechst-33342 and Pyronin Y double staining, followed by analysis using cytometry. I, Total RNA from B16 cells transfected with indicated microRNA mimics were subject to qPCR analysis. J, Representative flow cytometric plots of B16 cells transfected with indicated microRNA mimics cultured with or without serum starvation. Twenty-four hours later, cells were subjected to Hoechst-33342 and Pyronin Y double staining, followed by analysis using cytometry. Data shown are either representative (A, C, D, and E) or mean AE SEM (B, F, G, H, I, and J) of three individual experiments. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001, Student t test.
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Mel-RM Supplementary Fig. S3A ). These manipulations did not influence the expression of p27 mRNA ( Supplementary  Fig. S3B ). Rather, inhibition of miR-27b-3p or miR-455-3p was associated with increased p27 polyubiquitination ( Fig. 3B; Supplementary Fig. S3C ). This infers that the p27 upregulation caused by miRNA-27b-3p and miRNA-455-3p is associated with inhibition of p27 polyubiquitination that prevents its degradation (23) .
Interestingly, inhibition of miRNA-27b-3p but not miRNA-455-3p prolonged the half-life time of the Skp2 protein, whereas introduction of miRNA-27b-3p mimics accelerated Skp2 protein turnover rate ( Fig. 3C ; Supplementary  Fig. S3D ), suggesting that posttranslational regulation of p27 by miRNA-27b-3p may involve Skp2. Indeed, knockdown of Skp2 counteracted the accelerated p27 turnover associated with inhibition of miRNA-27b-3p ( Fig. 3D ), whereas overexpression of Skp2 abolished the prolonged p27 half-life time triggered by miRNA-27b-3p mimics ( Supplementary Fig. S3E ). These results consolidated the functional association between miRNA-27b-3p and Skp2-mediated regulation of p27. Intriguingly, Skp2 knockdown and overexpression also diminished the changes in the p27 turnover rate caused by anti-miRNA-455-3p and miRNA-455-3p mimics, respectively ( Fig. 3E ; Supplementary  Fig. S3F ), suggesting that miRNA-455-3p-mediated promotion of p27 stabilization also requires Skp2.
Because p27 phosphorylation at Thr187 is necessary for Skp2mediated polyubiquitination (23), we examined whether miRNA-455-3p affects phosphorylation of p27. Introduction of anti-miRNA-455-3p but not anti-miRNA-27b-3p enhanced Thr187 phosphorylation of p27, which was associated with a decrease in p27 expression ( Fig. 3F ). In contrast, introduction of miRNA-455-3p mimics reduced p27 phosphorylation at Thr187 (Fig. 3G ). Neither anti-miRNA-455-3p nor miRNA-455-3p mimics altered the p27 phosphorylation at Ser10 or Thr198 ( Fig. 3F and G), suggesting that regulation of p27 phosphorylation at Thr187 by miRNA-455-3p is specific. In support, a point mutation of Thr187 disabled the ability of miRNA-455-3p to regulate p27 phosphorylation and its turnover rate ( Fig. 3H ; Supplementary Fig. S3G and S3H ). Therefore, miRNA-455-3p promotes p27 stability through inhibiting its phosphorylation at Thr187.
miR-27b-3p suppresses Skp2 expression through targeting Cks1, whereas miR-455-3p inhibits p27 phosphorylation through targeting CAC1
In silico analysis showed that among predicted targets of miRNA-27b-3p was Cks1, a cofactor of Skp2 that prevents Skp2 autoubiquitylation and degradation ( Supplementary Fig. S4A ; ref. 24) . To test whether Cks1 3 0 UTR is targeted by miRNA-27b-3p, we introduced luciferase reporter plasmids containing the 3 0 UTR of Cks1 into Mel-RM and A549 cells ( Supplementary Fig. S4B ). The reporter activity was reduced, albeit moderately, by the presence of the 3 0 UTR of Cks1, which was reversed when the 3 0 UTR was mutated ( Fig. 4A ), indicating that the 3 0 UTR of Cks1 was inhibited by endogenous miRNA-27b-3p. In support, co-introduction of anti-miRNA-27b-3p increased, whereas co-introduction of miRNA-27b-3p mimics further reduced the reporter activity ( Fig. 4A and B) . Therefore, miRNA-27b-3p targets the 3 0 UTR of Cks1. Consistently, introduction of miRNA-27b-3p mimics into Mel-RM and A549 cells downregulated the levels of endogenous Cks1, whereas introduction of anti-miRNA-27b-3p increased Cks1 expression levels ( Fig. 4C and D) . Moreover, the decreased Skp2 expression in cells treated with miRNA-27b-3p mimics was reversed by overexpression of Cks1 and conversely, the increase Skp2 expression caused by anti-miRNA-27b-3p was abolished by Cks1 knockdown (Fig. 4E and F) . Further supporting the regulatory effect of miRNA-27b-3p on Cks1, the levels of miRNA-27b-3p were inversely correlated with Cks1 protein expression levels ( Supplementary Fig. S4C and S4D ).
Interrogation of potential targets of miRNA-455-3p highlighted CAC1 ( Supplementary Fig. S4E ), known to promote the kinase activity of CDK2 (12) . Similar to experiments undertaken with miRNA-27b-3p, we introduced luciferase reporter plasmids of the 3 0 UTR of CAC1 into Mel-RM and A549 cells ( Supplementary Fig. S4B ). The reporter activity was reduced by the presence of the 3 0 UTR but this was abolished when the 3 0 UTR was mutated (Fig. 4G) . Moreover, co-introduction of anti-miRNA-455-3p promoted, whereas cointroduction of miRNA-455-3p mimics further inhibited the reporter activity ( Fig. 4G and H) . In accordance, miRNA-455-3p mimics reduced, whereas anti-miRNA-455-3p upregulated endogenous expression of CAC1 ( Fig. 4I and J) . Therefore, miRNA-455-3p targets the 3 0 UTR of CAC1. Consistently, cointroduction of miRNA-455-3p mimics reversed the CAC overexpression-triggered enhancement in the kinase activity of CDK2 and phosphorylation of p27 at Thr187 (Fig. 4K) . In contrast, antagonizing miRNA-455-3p increased CDK2 activity and Thr187-phosphorylated p27, which was diminished by knockdown of CAC1 (Fig. 4L ). Taken together, these results indicate that miRNA-455-3p targets the 3 0 UTR of CAC1 to attenuate CDK2 activity and thus prevent Thr187 phosphorylation of p27 (13) . Indeed, the expression levels of miRNA-455-3p were inversely correlated with CAC1 protein expression levels ( Supplementary Fig. S4C and S4F ).
(Continued.) B, Mel-RM (left) and A549 (right) cells transfected with indicated RNA oligonucleotides were cultured with or without serum starvation. Twenty-four hours later, cells were subjected to Hoechst-33342 and Pyronin Y double staining, followed by analysis using cytometry. C, Whole cell lysates from Mel-RM cells transfected with indicated RNA oligonucleotides cultured with or without serum starvation were subject to Western blotting. D, Mel-RM cells transfected with indicated RNA oligonucleotides cultured with or without serum starvation were subjected to staining with an APC-conjugated anti-Ki67 antibody and analysis using flow cytometry. E, Mel-RM (left) and A549 (right) cells transfected with indicated anti-miRNA oligonucleotides were cultured with or without serum starvation. Twenty-four hours later, cells were subjected to Hoechst-33342 and Pyronin Y double staining, followed by analysis using cytometry. F, Whole cell lysates from Mel-RM cells transfected with indicated anti-miRNA oligonucleotides cultured with or without serum starvation were subject to Western blotting. G, Mel-RM cells transfected with indicated anti-miRNA oligonucleotides cultured with or without serum starvation were subjected to staining with an APC-conjugated anti-Ki67 antibody and analysis using flow cytometry. H, Viable Mel-RM cells were counted in an automated cell counter 24, 48, and 72 hours after transfection with indicated miRNA mimics. I, Mel-RM cells transfected with indicated miRNA mimics were subjected to clonogenic assay. Colony area was quantitated using ImageJ-plugin. Colony area in cells introduced with control (Ctrl) mimics was arbitrarily designated as 1. Scale bar, 1 cm. 
Coregulation of miRNA-27b-3p and miRNA-455-3p and their host genes
The pre-miRNA-27b-3p is embedded within the last intron of the human chromosome 9 open reading frame 3 (C9ORF3) gene, whereas the pre-miRNA-455-3p is located to the 10th intron of the human collagen alpha-1 (XXVII) chain (COL27A1) gene ( Supplementary Fig. S5 ). Intriguingly, analysis of publicly available expression profiles in 35,763 of cancers of diverse types acquired from the R2 Genomics Analysis and Visualization Platform revealed that C9ORF3 and COL27A1 mRNA expression levels were positively correlated ( Fig. 5A ; R2: http://r2.amc.nl), consistent with the relationship between the expression of miRNA-27b-3p and miRNA-455-3p in a panel of human cancer cell lines (Fig. 5B) . Indeed, knockdown of C9ORF3 and COL27A1 inhibited the expression of miRNA-27b-3p and miRNA-455-3p, respectively ( Fig. 5C and D) . In support, both C9ORF3 and COL27A1 were upregulated by serum starvation and this upregulation was diminished after serum replenishment (Fig. 5E ). Moreover, knockdown of C9ORF3 or COL27A1 diminished induction of quiescence by serum starvation (Fig. 5F) . These observations suggest that transcriptional regulation of C9ORF3 or COL27A1 expression may potentially be controlled though a common mechanism.
p53 transcriptionally regulates miRNA-27b-3p and miRNA-455-3p
Luciferase reporter assays using constructs having incremental deletions spanning $1,500 bases upstream down to 100 bp downstream of the C9ORF3 gene transcription start site showed that the À250 to À100 segment was the shortest region that remained active in Mel-RM cells undergoing serum starvation (Fig. 6A ). By use of the same approach, the À1,000 to À500 fragment was identified to be the shortest region of the COL27A1 gene that remained transcriptionally active in in serum-starved cells (Fig. 6B) . Importantly, serum replenishment decreased the transcriptional activities of the À250 to À100 segment of the C9ORF3 gene and the À1,000 to À500 fragment of the COL27A1 gene ( Fig. 6C and D) , confirming that these genes are transcriptionally responsive to serum starvation.
Examination of the minimally active promoter regions of both genes showed that they shared in common consensus binding sites for p53 ( Supplementary Fig. S6A ). One putative p53 binding site (p53-BS; À157 to À143 bp) was identified at the À250 $ -100 segment of the C9ORF3 gene whereas the -1000 $ -500 segment of the COL27A1 gene also contained three consensus p53-BSs (À929 to À915 bp, À919 to À905 bp and À814 to À800 bp; Supplementary Fig. S6A ). Deletion of the p53-BS in the C9ORF3 reporter construct diminished its transcriptional activity (Fig. 6E) , whereas deletion of the p53-BSs in the COL27A1 construct similarly abolished its transcriptional activity (Fig. 6F) , indicating that the p53-BSs were responsible for the increased transcriptional activity in response to serum starvation.
Further reporter assay experiments showed that enforced overexpression of wild-type p53 enhanced the reporter activity of both C9ORF3 and COL27A1 reporters whereas the p53DTA mutant (lacking the transactivation domain) did not augment transcription (Fig. 6G ). In addition, knockdown of p53 or treatment with the small molecule inhibitor of p53 transcriptional activity, pifithrin-a (PFT-a), inhibited activation of the p53-BS-containing luciferase reporters of both genes ( Fig. 6H  and I) , confirming that the response of the p53-BSs to induction of quiescence is mediated by p53. This was supported by binding of p53 to the p53-BSs at both genes, which was enhanced by serum starvation (Fig. 6J) . Therefore, the putative p53-BSs are responsive to p53 that was increased upon induction of quiescence ( Supplementary Fig. S6A; ref. 25 ). In accordance, p53 knockdown or treatment with PFT-a reduced the endogenous expression levels of C9ORF3 and COL27A1 ( Supplementary Fig. S6B and S6C).
We tested whether p53 is similarly important for miRNA-27b-3p and miRNA-455-3p expression. Because p53 is also essential for miRNA processing (26), we examined its effect on the expression of pri-miRNA-27b-3p and pri-miRNA-455-3p. Knockdown of p53 or treatment with PFT-a downregulated pri-miRNA-27b-3p and pri-miRNA-455-3p and abolished their upregulation in response to serum starvation ( Fig. 6K and L) . Conversely, overexpression of p53 promoted the expression of these pri-miRNAs in cells with or without serum starvation or contact inhibition (Fig. 6M) . Therefore, binding of p53 to the p53-BSs at the C9ORF3 and COL27A1 gene transcriptionally upregulates miRNA-27b-3p and miRNA-455-3p in response to induction of cellular quiescence. Of note, although the expression levels of miRNA-27b-3p and miRNA-455-3p and their host genes appeared to correlate with wild-type p53 protein expression in cancer cell lines ( Supplementary Fig. S6D and S6E), analysis of publicly available datasets acquired from the TCGA did not show any significant relationship between the expression levels of these miRNAs and the TP53 mutational status or wild-type p53 mRNA expression levels (Supplementary Fig. S6F and S6G) .
p53 drives cellular quiescence through miRNA-27b-3p and miRNA-455-3p
Knockdown of p53 reduced the proportion of quiescent cells, phenocopying introduction of anti-miRNA-27b-3p or anti-miRNA-455-3p ( Fig. 2B; Supplementary Fig. S7A ). In contrast, overexpression of p53 promoted quiescence, similar to introduction of miRNA-27b-3p or miRNA-455-3p mimics ( Fig. 2E ; Supplementary Fig. S7B ). Co-introduction of miRNA-27b-3p or miRNA-455-3p mimics reversed the reduction in quiescence caused by p53 knocked down, whereas co-introduction of anti-miRNA-27b-3p or anti-miRNA-455-3p blocked promotion of quiescence by overexpression of p53 ( Fig. 7A and B) , confirming that p53-induced cellular quiescence is mediated through these miRNAs. Similar to p53, the C9ORF3 and COL27A1 genes appeared to play a role in regulating cellular quiescence through miRNA-27b-3p and miRNA-455-3p, respectively (Supplementary Fig. S7C and S7D) .
Knockdown of p53 also resulted in downregulation of p27 that was associated with shortened half-life of the protein, whereas overexpression of p53 increased p27 expression in association with prolonging its half-life ( Supplementary  Fig. S7E and S7F ). The effect of p53 knockdown on p27 expression was diminished by co-introduction of miRNA-27b-3p or miRNA-455-3p mimics (Fig. 7C) . Consistently, the effect of p53 overexpression on p27 expression was reduced by co-introduction of anti-miRNA-27b-3p or anti-miRNA-455-3p (Fig. 7D) . These results further consolidate that p53 promotes p27 stability through these miRNAs. Knockdown of p27 diminished p53-overexpression-casued promotion of cellular quiescence (Fig. 7E) , whereas overexpression of p27 increased the G 0 cell proportion irrespective of the p53 expression status (Fig. 7F) , indicating that upregulation of p27 is necessary for p53-mediated cellular quiescence. Of note, p21, which plays an important role in p53-mediated cell-cycle regulation, did not appear to be involved in p53-mediated cellular quiescence ( Supplementary  Fig. S7G and S7H ; refs. 27, 28).
Discussion
The involvement of p53 in regulation of cellular quiescence has been documented in various experimental systems (10, 29) . Nonetheless, most of the previous studies were carried out in arbitrarily defined "quiescent" cells, a total cell population subjected to stress (5, 20) . Conceivably these studies encompassed cells that were forcefully arrested in other phases of the cell cycle, in particular, those in G 1 phase that are not readily distinguishable from G 0 cells by conventional cell-cycle analysis approaches (30) . Indeed, although the p53 transcriptional target p21 was shown to be critical for quiescence in some studies (31) , we found that p21 was not involved in regulation of cellular quiescence, although it was upregulated in purified G 0 cells. It is probable that the role of p21 in p53-mediated cellular quiescence reported in previous studies reflects its contribution to p53-induced G 1 phase arrest (32) . Thus, this discrepancy calls for more diligent investigation of the molecular mechanisms involved in the regulation of quiescence. In support, there is increasing evidence showing that G 0 cells express distinct transcript profiles compared with cells in G 1 phase (17) . By taking advantage of a previously verified experimental system for visualizing G 0 to G 1 transition (17), we were able to faithfully isolate G 0 and G 1 cells through co-introducing mVenus-p27K À that cannot bind to CDK but is still prone to proteasomal degradation and mCherry-hCDT1(30/120) that is specifically expressed in G 0 and G 1 cells.
We focused on differentially expressed miRNAs between G 0 and G 1 cells, as a number of previous studies have shown that ablation of the miRNA processing enzyme Dicer promotes quiescence exit (33, 34) . Indeed, the list of miRNAs involved in cellular quiescence is rapidly expanding (33, (35) (36) (37) (38) (39) , but results from clearly defined putative G 0 cells are currently lacking. Herein we identified miRNA-27b-3p and miRNA-455-3p as positive regulators of cellular quiescence through analysis of highly purified G 0 and G 1 cells. Mechanistic investigation revealed that both miRNA-27b-3p and miRNA-455-3p promoted p27 stabilization through sequestering Skp2-mediated degradation. Skp2 is known to be primarily responsible for degrading p27 in cells that proceed through S phase and afterwards (22, 27) , whereas its expression levels are low in cells during the G 0 to G 1 transition where p27 expression starts to be reduced (24) . It is therefore likely that miRNA-27b-3p and miRNA-455-3p are mainly involved in promoting quiescence entry and maintenance. Neither miRNA-27b-3p nor miRNA-455-3p directly targeted the transcript of p27. Instead, miRNA-27b-3p inhibited the expression of Cks1 that binds to Skp2 and prevents it from autoubiquitylation and degradation (24) , whereas miRNA-455-3p targeted CAC1 that promotes CDK2 activity leading to increased phosphorylation of p27 at Thr187, which is necessary for polyubiquitination of p27 by Skp2. Therefore, albeit affecting p27 expression indirectly, these miRNAs act cooperatively to ensure that the molecular machinery that drives p27 degradation is under tight control. This interdependent relationship between miRNA-27b-3p and miRNA-455-3p in regulation of p27 also provides a mechanistic explanation as to why co-knockdown or co-overexpression of these miRNAs did not produce additive effects on p27 expression.
Interestingly, similar to the correlative relationship between miRNA-27b-3p and miRNA-455-3p expression levels, the transcript levels of the miRNA-27b-3p host gene C9ORF3 and the miRNA-455-3p host gene COL27A1 were positively correlated. These observations suggested that C9ORF3 and COL27A1 were likely to be regulated by the same mechanism and we established this to be transcriptional regulation by p53. This not only identified C9ORF3 along with miRNA-27b-3p and COL27A1 together with miRNA-455-3p as novel transcriptional targets of p53, but also established these genes and their products as important components of p53-driven networks promoting cellular quiescence. However whether regulation of C9ORF3 and COL27A1 by p53 has other effects on cellular processes remains to be investigated.
Cellular quiescence is closely related to evasion of cancer cells to killing by systemic treatment, as most of available therapeutics primarily target proliferating cancer cells (40) . Re-entry of quiescent cancer cells into the cell cycle plays an important role in relapse following initial tumor remission (15) . Therefore, curative treatment of cancer requires therapies that either sustain the quiescent state or drive quiescent cells into the cell cycle to render them sensitive to induction of cell death (2, 3) . Accordingly, our results suggest that either promotion of miRNA-27b-3p and miRNA-455-3p expression to force cells to remain in the quiescent state permanently or inhibition of these miRNAs to have quiescent cells re-enter the cell cycle is a testable approach for improving the therapeutic efficacy of systemic therapeutic agents.
In summary, we have shown in the study that p53 is a driver of quiescence in cancer cells through two interrelated miRNA pathways with potential implications for cancer treatment (Fig. 7G) . Noticeably, although miRNA-27b-3p and miRNA-455-3p expression is primarily regulated by p53, they are detectable in TP53-null cells and those carrying mutant TP53, albeit at low levels. Considering that p53 inactivation through mutation or deletion occurs in >50% of human cancers (41) , this suggests that unidentified mechanisms may be involved in regulation of the expression of miRNA-27b-3p and miRNA-455-3p that function independently of p53 to regulate cellular quiescence.
